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Numerous  questions  surround  the  nature  of reward  processing  in the developing  adolescent  brain,  partic-
ularly in  regard  to polysubstance  use.  We  therefore  sought  to  examine  incentive-elicited  brain  activation
in  the context  of  three  common  substances  of  abuse  (cannabis,  tobacco,  and alcohol).  Due  to  the  role
of the  nucleus  accumbens  (NAcc)  in incentive  processing,  we  compared  activation  in this  region  during
anticipation  of reward  and  loss  using  a monetary  incentive  delay  (MID)  task.  Adolescents  (ages  14–18;
66%  male)  were  matched  on age,  gender,  and  frequency  of use  of  any  common  substances  within  six
distinct  groups:  cannabis-only  (n =  14),  tobacco-only  (n = 34),  alcohol-only  (n  = 12), cannabis  + tobacco
(n  =  17),  cannabis  + tobacco  +  alcohol  (n = 17),  and  non-using  controls  (n  =  38).  All  groups  showed  com-
parable  behavioral  performance  on  the  MID  task.  The  tobacco-only  group  showed  decreased  bilateralMRI
onetary incentive delay
nucleus  accumbens  (NAcc)  activation  during reward  anticipation  as  compared  to  the  alcohol-only  group,
the control  group,  and  both  polysubstance  groups.  Interestingly,  no  differences  emerged  between  the
cannabis-only  group  and  any  of  the  other  groups.  Results  from  this  study  suggest  that  youth  who  tend
toward  single-substance  tobacco  use  may  possess  behavioral  and/or  neurobiological  characteristics  that
differentiate  them  from  both  their  substance-using  and non-substance-using  peers.
©  2015  The  Authors.  Published  by  Elsevier  Ltd. This  is an  open  access  article  under  the CC  BY-NC-ND. Introduction
Despite a legacy of being characterized by “storm and stress”
Hall, 1904), there continues to be great controversy regarding
hether decision-making in adolescence is inherently adaptive or
armful (Mills et al., 2014). Existing empirical data have generally
allen toward the side of risk, as captured by several prevail-
ng theories of adolescent neurodevelopment [e.g., “dual process”
Somerville et al., 2010); “triadic” (Ernst, 2014)]. Broadly, these the-
ries suggest a developmental imbalance between neural reward
nd control systems that arises because subcortical reward circuitry
eaches maturity earlier than frontally mediated executive control
egions (Steinberg, 2010; Galvan, 2014). This developmental pat-
ern may  contribute to differences in adolescent decision-making,
∗ Corresponding author at: Department of Psychology and Neuroscience, Univer-
ity  of Colorado, UCB 345, Boulder 80309, USA. Tel.: +1 4802068533.
E-mail address: hollis.karoly@colorado.edu (H.C. Karoly).
ttp://dx.doi.org/10.1016/j.dcn.2015.05.005
878-9293/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article unlicense  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
particularly if there is an opportunity for reward (Galvan et al.,
2007; Chung et al., 2011).
While experimentation with substances is within the realm of
typical adolescent behavior (Shedler and Block, 1990), there is some
concern that substance use may  exacerbate and/or enhance risks
associated with the developing brain (e.g., Squeglia et al., 2009;
Lubman et al., 2007). Importantly, despite the prevalence of sub-
stance use during adolescence, the relationship between substance
use and reward processing in the adolescent brain is not fully
understood (Geier, 2013). However, given the well-established
link between substance use and altered reward circuitry in adults
(Volkow et al., 2003), there is reason to believe that substance
use during adolescence may  interact with developing reward
processing substrates.
One challenge in adolescent addiction research is that youth
tend toward polysubstance use, using different substances
together, often based on availability (Moss et al., 2014). Ameri-
can adolescents tend to abuse three substances: alcohol (75.6%),
cannabis (48.6%), and tobacco (48.1%) (Kann et al., 2014). Despite
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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he established use and clustering of these substances, most neu-
oimaging studies have examined only one, or at maximum two,
ubstance per evaluation. This is problematic from a neural-
ircuitry perspective as prior studies revealed different patterns
f brain response for single- vs. poly-substance using youth (i.e.,
lcohol-only, cannabis-only vs. alcohol + cannabis; e.g., Jacobus
t al., 2013; Bava et al., 2009). Moreover, although research has
egun to address co-occurring alcohol and cannabis use, few stud-
es included tobacco. This is important given the possible impact
f tobacco on the developing brain and on subsequent problem
lcohol and cannabis use (Whelan et al., 2014). Thus, in a com-
rehensive model of adolescent reward processing, it is crucial
o evaluate how these three substances interact with developing
eward neurocircuitry; to our knowledge, this has not yet been
one.
In line with adult research (e.g., Knutson et al., 2001a; Abler
t al., 2006), examinations of reward processing in adolescent sub-
tance users have focused on the nucleus accumbens (NAcc). This
tructure receives dopaminergic input from the ventral tegmen-
al area (VTA) in response to reinforcing stimuli (Spanagel and
eiss, 1999). During adolescence, the NAcc is highly responsive
o rewards (Galvan et al., 2006; Ernst et al., 2005). This may  stem
rom naturally occurring developmental changes in dopaminergic
unctioning, including increased dopamine receptor expression in
he NAcc and greater striatal dopamine release during adolescence
Galvan, 2010; Laviola et al., 2003; Tarazi et al., 1998).
These normative changes in NAcc functioning and reward
ensitivity may  impact the development and maintenance of
ddiction (Volkow and Baler, 2014). Indeed, during adulthood,
he ventral striatum (VS), which encompasses the NAcc, medi-
tes the reinforcing effects of substances of abuse (Robinson and
erridge, 2000; Everitt and Robbins, 2005; Wise and Dopamine,
004). Further, reward-related NAcc activation is associated with
ncreased willingness to take risks (Knutson et al., 2008; Knutson
nd Greer, 2008). Individuals who experience greater VS/NAcc-
ediated reward responses may  thus be reinforced for engaging
n risky and immediately rewarding behaviors such as substance
se. Speciﬁcally, greater trait impulsivity has been observed in sev-
ral studies of adolescent substance use (Stautz and Cooper, 2013;
ernández-Artamendi et al., 2015). Further, impulsivity is associ-
ted with greater reward sensitivity among substance users (Bjork
t al., 2008). Thus, heightened reward sensitivity in the VS/NAcc
ay  sustain problem substance use, potentially via amplifying the
alue of substance-related rewards in adolescents (and particularly
mong those with high impulsivity) (Karoly et al., 2013; Koob and
olkow, 2010).
In terms of substance-speciﬁc mechanisms of action, nicotine
acilitates dopaminergic neurotransmission within brain reward
athways via activating nicotinic actylcholine (nAch) receptors,
ncluding those located on nerve terminals in VTA projections to the
Acc (D’souza and Markou, 2011). Alcohol inﬂuences dopaminer-
ic transmission in the NAcc through activating GABAA receptors,
hich disinhibit GABAergic neurons in the VTA, causing dopamine
elease from the VTA to NAcc (Gilpin and Koob, 2008). In contrast,
he mechanism of action of cannabis on these reward structures
s less well understood. However, it seems to involve the bind-
ng of delta-9-tetrahydrocannabinol [THC] to CB1 receptors and
electively inducing dopamine release within the NAcc (French,
997). It is currently unclear how these substances consumed
n various combinations may  differentially impact neural reward
tructures. Thus, across all three substances and different com-
inations thereof, the NAcc represents an important target for
xamining reward processing in adolescent substance users.
However, to date, few studies have investigated the relationship
etween these substances and reward neurocircuitry in adoles-
ents. Of the existing studies, the monetary incentive delay (MID)tive Neuroscience 16 (2015) 5–15
task (see Balodis and Potenza, 2014) has gained support for its abil-
ity to quantify critical functional differences in reward processing
across development (Bjork et al., 2004) and addiction (e.g., Filbey
et al., 2013; van Hell et al., 2010; Wrase et al., 2007). Brieﬂy, the
MID  evaluates changes in blood-oxygen level dependent (BOLD)
response during the experience of anticipating receiving a reward
(“positive incentives”) and avoiding a loss (“negative incentives”).
The VS/NAcc has emerged as a particularly relevant structure medi-
ating brain response to this task (Knutson et al., 2001b). In terms of
substance use, Heitzeg and colleagues (2014) found that, in contrast
to adults (Wrase et al., 2007), alcohol using youth showed positive
correlations between reward-related NAcc activation and alcohol
use. Cannabis-using young adults have shown increased VS acti-
vation during reward anticipation compared to non-users, with VS
response correlated with greater cannabis use (Filbey et al., 2013;
Nestor et al., 2010). In contrast, among tobacco users, studies have
suggested lower VS responses during MID  reward anticipation in
adolescents (Peters et al., 2011) and adults (Rose et al., 2013).
Taken together, the MID  literature (e.g., Balodis and Potenza,
2014) points to differences in VS activation during reward antic-
ipation among users of different substances. Critically, these
relationships may  be complicated by poly- vs. single-substance
use. For example, among adults, tobacco use is associated with
decreased striatal reward responses (Rose et al., 2013), but interest-
ingly, this is not the case among smokers who also use cannabis (van
Hell et al., 2010; Nestor et al., 2010). Similarly, among adults, alco-
hol is associated with decreased reward-related striatal responses
(Wrase et al., 2007; Beck et al., 2009), but not among drinkers who
smoke tobacco (Bjork et al., 2012). Finally, cannabis is associated
with increased striatal reward responding, even among individuals
who also use tobacco (van Hell et al., 2010; Nestor et al., 2010).
Thus, in this ﬁrst preliminary study of this kind, we  aimed
to deconstruct these relationships in adolescents, by comparing
reward and loss anticipation (i.e., positive and negative incen-
tive processing) in the NAcc among single- versus poly-substance
users of the three most prevalent substances in this age group
(alcohol, cannabis, and tobacco; Kann et al., 2014). Based on prior
studies (e.g., Filbey et al., 2013; Nestor et al., 2010), we hypoth-
esized that cannabis-only users would show greater incentive
responses compared to the tobacco-only and non-using control
groups, and that the cannabis + tobacco group would show greater
incentive responses compared to the tobacco-only group. We  fur-
ther expected that the alcohol-only group would show greater
incentive response compared to the tobacco-only and non-using
groups (see Heitzeg et al., 2014) and that the tobacco-only group
would also show decreased incentive responses compared to the
non-using controls (e.g., Peters et al., 2011). Given the absence
of prior MID  studies comparing neural incentive responses in
single-substance versus polysubstance-using adolescents, we did
not have a priori hypotheses regarding the relationships between
the cannabis + tobacco and the cannabis + tobacco + alcohol groups.
Therefore, we used an exploratory approach to guide those com-
parisons.
2. Material and methods
2.1. Participants
All study procedures were approved by the participating uni-
versity Institutional Review Board. We  also obtained a federal
Certiﬁcate of Conﬁdentiality as an additional level of protection
for participating youth. For this evaluation, we  recruited 239 high-
risk youth (155 male, mean age = 15.91 years [SD = 1.2]) as part of
an ongoing study (blinded for review) examining neural modera-
tors of two  STI/HIV behavioral risk interventions. All data included
herein were collected prior to randomization to, and receipt of, the
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ehavioral interventions. Participants were recruited by trained
esearch staff who introduced the project at local community diver-
ion and alternative to incarceration programs, informing youth
bout the voluntary nature of participation. Informed assent (writ-
en) and parent/guardian consent (audiorecorded) was required for
articipation.
To be included in the study youth had to be between the ages
f 14–18 years, a participant within our community partner pro-
ram, and ﬂuent in English. Note that youth were not recruited for
articipation in this study based on their current substance use,
ut rather, the parent study was focused on HIV/STI risk reduction.
hus, adolescents in the larger pool included those with no cur-
ent substance use in addition to more frequent substance users.
o facilitate generalizability of the parent study outcomes to the
idest community of youth, exclusionary criteria were kept pur-
osefully broad. Further, youth were neither screened for, included
n, or excluded on the basis of potential co-occurring neuropsy-
hiatric disorders, somatic conditions, or co-occurring substance
se. Youth were excluded only on the basis of taking antipsychotic
edication, endorsing MRI  contraindications (e.g., current preg-
ancy, non-removable metal in the body), and loss of consciousness
>5 min  during past 6 months).
Eligible youth completed behavioral measures assessing sub-
tance use and other health risk behaviors and an MRI  scan.
dolescents were not allowed to participate if intoxicated, and
ere prohibited from using any substances (including tobacco) for
t least 3 hours prior to the scan. As compensation for participating
n this component of the study, adolescents could earn between
20 and $70, depending on their task performance during the
can.
.2. Substance use groups
Because the aim of the present analysis was  to examine
ncentive-based processes using the MID  task for single- vs. poly-
ubstance users across the three predominant substances of abuse,
e created six groups (total N = 132) matched for age, gender,
nd substance use frequency. Groups were based on past month
lcohol, cannabis, and tobacco use, as assessed in an interviewer-
dministered calendar recall (e.g., timeline follow-back; see Section
.3). To capture adolescents who were within the top tier of this
ample in terms of severity for each substance use category, we
eﬁned alcohol use as ≥2 or more alcohol use days in the past
onth, cannabis use as ≥10 cannabis use days in the past month,
nd tobacco use as ≥27 tobacco use days in the past month. These
hresholds represented the top third of users within each respec-
ive substance. Using these thresholds, n = 14 youth used only
annabis, n = 34 used only tobacco, n = 12 used only alcohol, n = 17
sed cannabis and tobacco, n = 17 used cannabis, tobacco and alco-
ol, and n = 38 reported 0 days of alcohol, cannabis, and tobacco
se (and thus comprised the non-using control group). There were
oo few people in the sample who reported using alcohol and
obacco only or alcohol and cannabis only to create these compar-
son groups. To ensure that greater relative levels of substance use
id not drive the observed effects, groups were matched on fre-
uency of use of common substances (i.e., the tobacco-only group
nd the cannabis + tobacco group were matched on frequency of
obacco use, the cannabis-only group and the cannabis + tobacco
roup were matched on frequency of cannabis use, etc.). Group
haracteristics are listed in Table 1.
.3. Measures.3.1. Demographics questionnaire
This measure collected general demographic information
ncluding age, gender, and racial/ethnic background.ive Neuroscience 16 (2015) 5–15 7
2.3.2. 30-day time-line follow-back (TLFB; Sobell and Sobell,
1992)
The TLFB is an interviewer-administered measure that uses a
calendar format to facilitate recall and estimates of daily alcohol,
tobacco, and cannabis use. The TLFB measures substance consump-
tion over the past month, including quantity of use (amount of
substance use per day) and frequency of use (total number of sub-
stance use days) for alcohol, cannabis, and tobacco. This measure
has been successfully used across many studies to assess adoles-
cent substance use (e.g., Chung et al., 2004) with good reliability
and validity (Donohue et al., 2004).
2.3.3. Alcohol use disorders identiﬁcation test (AUDIT; Saunders
et al., 1993)
This 10-item measure was  developed by the World Health Orga-
nization to assess alcohol consumption, drinking behavior, adverse
psychological reactions to alcohol, and alcohol-related problems,
and to provide an overall estimate of hazardous drinking symp-
toms. The maximum score on this measure is 40. In our sample, the
AUDIT demonstrated good internal consistency (  ˛ = .838).
2.3.4. Marijuana dependence scale (MDS; Stephens et al., 2000)
The MDS  is a dichotomous measure of endorsed DSM IV crite-
ria, which generates a summed estimate of cannabis dependence
(e.g., “When I smoked marijuana, I often smoked more or for longer
periods of time than I intended”). In our sample, the MDS  demon-
strated good internal consistency (  ˛ = .862).
2.3.5. The impulsivity and sensation seeking scale (ImpSS;
Zuckerman, 2002)
The ImpSS consists of 19 items measuring impulsivity and sen-
sation seeking, and can be evaluated as subscale (e.g., impulsivity,
sensation seeking) or a full summed scale. Individuals high in
impulsivity have been found to have the tendency to take risks
for novel, varied, and intense experiences (e.g., Zuckerman, 1994).
In our sample, the ImpSS demonstrated good internal consistency
(  ˛ = .807). For the present analyses, we  used the full summed scale.
2.4. Functional magnetic resonance imaging task
Numerous versions of the monetary incentive delay (MID) task
have been used in neuroimaging research over the last decade. For
the present study, we utilized a version of the task that has gained
empirical support through research on young adult cannabis users
(see Filbey et al., 2013, for procedures and parameters). Speciﬁcally,
receiving actual earnings has been shown to improve youth per-
formance in fMRI tasks (Chung et al., 2011). Thus, consistent with
administration procedures for cannabis-using young adults, imme-
diately prior to entering the scanner, all participants were clearly
informed that they would receive the amount of money they earned
during the task as soon as they exited the scanner. Throughout the
task, participants were provided information about their cumula-
tive earnings (presented as a screenshot of their cumulative sums).
As promised, all youth received their earnings in cash once they
exited the scanner.
Project staff informed subjects that to register their responses
on this task, they were required to press a button when they saw
a target square appear on the screen. Staff explained that dur-
ing REWARD trials, correct responding (hitting the button) would
result in earning money, whereas during LOSS trials, responding
would prevent losing money. Finally, during NEUTRAL trials, res-
ponding would not impact earnings, but reaction times would be
measured and recorded. Prior to entering the scanner, all youth
completed a 7-min practice session to ensure adequate under-
standing of the task. Each trial began with a 250 ms  cue screen that
alerted youth to the trial type (REWARD; LOSS; NEUTRAL). All cue
8
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Table 1
Characteristics of participating sample (N = 132).
Cannabis-only
n or M (SD)
Tobacco-only n
or M (SD)
Cannabis + tobacco
n or M (SD)
Alcohol-only n
or M (SD)
Cannabis + Tobacco + Alcohol
n  or M (SD)
Control (no substance
use) n or M (SD)
Test statistic p-value
n = 14 n = 34 n = 17 n = 12 n = 17 n = 38
Age  (range 14–18 years) 15.79 (1.4) 16.29 (1.2) 15.76 (1.15) 16.00 (1.23) 15.94 (.97) 15.76 (1.2) F(5, 126) = .858 .51
Gender  2(1,
N = 132) = 2.614
.76
Male  11 21 13 8 10 24
Female 3 13 4 4 7 14
Race  2(4,
N = 132) = 23.596
.26
Caucasian  1 1 2 1 4 4
African American 1 2 0 2 1
Hispanic American 10 19 8 7 8 26
American Indian/Alaskan Native 1 1 1 2 0 0
Multi-racial 1 11 6 2 3 7
MID  Performancea
Accuracy—LOSS trialsb .66 (.05) .67 (.04) .66 (05) .66 (.06)  .67 (.05) .67 (.04) F(5, 126) = .337 .89
Reaction  time—LOSS trialsb 192.11 (18.7) 200.93 (13.5) 202.88 (33.9) 197.46 (15.4) 193.03 (17.0) 199.67 (14.7) F(5, 126) = .955 .45
Accuracy—REWARD trialsc .65 (.05) .68 (.04) .67 (.05) .67 (.05)  .67 (.04) .67 (.05) F(5, 126) = 1.063 .38
Reaction  time—REWARD Trialsc 189.82 (17.1) 192.23 (15.8) 198.50 (33.8) 192.75 (14.6) 192.74 (15.7) 197.70 (23.5) F(5, 126) = .528 .76
Past  month substance use (TLFB)a
No. of cannabis use days 20.4 (8.9) n/a 24.4 (6.5) n/a 24.8 (6.9) n/a F(2, 45) = 1.640 .21
Cannabis  hits per using day 14.3 (11.4) n/a 19.4 (25.2) n/a 18.1 (16.5) n/a F(2, 45) = .290 .75
No.  of cigarette smoking days n/a 29.59 (.8) 29.71 (.6) n/a 29.65 (.9) n/a F(2, 65) = .133 .88
Cigarettes  per smoking day n/a 5.99 (7.2) 6.92 (6.8) n/a 9.26 (10.0) n/a F(2, 65) = .985 .38
No.  of drinking days n/a n/a n/a 3.5 (2.4) 5.82 (4.2) n/a t(27) = 1.723 .10
Drinks  per drinking day n/a n/a n/a 6.97 (3.5) 8.00 (2.7) n/a t(27) = .909 .37
Lifetime  substance use
Age at ﬁrst cannabis use 12.93 (1.9) 11.30 (2.2) 11.35 (2.1) 12.58 (1.9) 10.53 (2.6) 11.87 (2.6) F(5, 116) = 2.256 .05
Age  at ﬁrst alcohol use 13.42 (2.3) 12.47 (2.1) 11.88 (2.2) 13.00 (2.3) 12.06 (1.3) 12.63 (2.8) F(5, 118) = .893 .49
Alc  dependence (AUDIT) 2.83 (3.0) 2.97 (4.3) 5.21 (3.9) 9.58 (5.1) 12.71 (5.8) 1.17 (2.0)  F(5, 118) = 24.87 <.001*
Cannabis dependence (MDS) 3.08 (2.3) 2.56 (3.3) 3.35 (2.5) 2.5 (2.4) 4.38 (2.8)  .42 (.8) F(5, 124) = 7.929 <.001*
Impulsivity (ImpSS) 10.23 (3.6) 10.71 (4.2) 10.25 (3.1) 12.00 (4.7) 12.82 (4.1) 10.16 (4.2) F(5, 126) = 1.351 .25
MID = monetary incentive delay; TLFB = time-line follow-back; AUDIT = alcohol use disorders identiﬁcation test; MDS  = marijuana dependence scale; ImpSS = impulsivity and sensation seeking scale.
a Group comparisons conducted using 1-way ANOVA.
b Collapsing across all incentive magnitudes for LOSS trials
c Collapsing across all incentive magnitudes for REWARD trials
* Signiﬁcant differences.
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iig. 1. MID  task design. Illustration of task conditions and regressors. The anticipa-
ion regressor is composed of the cue + target time periods.
creens also informed youth about the amount of money that could
e won or lost on that trial (either $.20, $1.00 or $5.00). This task
ncluded 54 REWARD trials, 54 LOSS trials, and 36 NEUTRAL tri-
ls. Across the 108 total REWARD and LOSS trials, there were 36
otal trials for each level of incentive magnitude ($.20, $1.00 and
5.00). Each target was presented for 166–436 ms,  during which
ime participants had the opportunity to respond. The target was
ollowed by a delay period (1165–1934 ms), and a feedback screen
1650 ms), which let youth know whether or not they had been
uccessful within the trial, the sum they had just gained/lost, and
heir running monetary total (see Fig. 1). The task was programmed
sing an adaptive algorithm implemented to allow for a 66% suc-
ess rate. Brieﬂy, the algorithm simply adjusts the buffer period
etween the cue and the target square until the 66% accuracy rate
s achieved. If the participant has achieved more than 66% correct,
his buffer is shortened to try to decrease their hit rate; if the par-
icipant is below 66% correct, the buffer period is increased. For the
resent analyses, we focused on the anticipation phase of the task
or comparison with existing literature (Balodis and Potenza, 2014;
ilverman et al., 2014).
.5. Image acquisition
MRI  images were acquired using a 3.0 Tesla Siemens Trio
RI  whole-body scanner (Erlangen, Germany) with a 12-channel
ead coil. High resolution T1-weighted anatomical images were
cquired with a 5-echo magnetization-prepared rapid gradient-
cho (MP-RAGE) sequence with the following parameters: [TR
repetition time) = 2.53 s, 7© ﬂip angle, number of excitations
NEX) = 1, slice thickness = 1 mm,  FOV (ﬁeld of view) = 256 mm,
n-plane resolution = 256 × 256]. During the task, functional
mages were acquired using a single-shot, gradient-echo echo-
lanar pulse sequence (TR = 2000 ms;  TE = 29 ms;  ﬂip angle = 75©;
OV = 240 mm;  matrix size = 64 × 64). Structural images were col-
ected with a sagittal orientation and functional images were
cquired parallel to the anterior commissure (AC)–posterior
ommissure (PC) line + 5◦ to 10◦, to diminish susceptibility
rtifacts.
.6. Image processing and statistical analysesAnalysis of functional images was conducted using AFNI (ver-
ion = AFNI 2011 12 21 1014 [November 4, 2014] [64-bit]). The
rst image of each run along with two dummy  scans were elim-
nated to account for T1 equilibrium effects, resulting in a total ofive Neuroscience 16 (2015) 5–15 9
524 images for the ﬁnal analyses. Anomalous values were ﬁrst iden-
tiﬁed using a despiking algorithm in AFNI (Cox, 1996), and then
replaced based on temporally neighboring values. All time-series
data were then spatially registered in two- and three-dimensional
space to the second EPI image of the ﬁrst run to reduce the effects
of head motion, and were temporally interpolated to the ﬁrst slice
to account for differences in slice acquisition. Framewise displace-
ment (FD) was  calculated on the ﬁrst derivatives of the head motion
data following transformation of rotations to a 100 mm diameter
sphere (Power et al., 2012). Data were then spatially blurred using
an 8 mm Gaussian full-width half-maximum ﬁlter and converted
to standard stereotaxic coordinate space (Talairach and Tournoux,
1988). A voxel-wise general linear model analysis was used to esti-
mate data ﬁt by convolving a double-gamma variate function with
the study design matrix. A total of 13 regressors were used to model
the anticipation phase (3 regressors for the different magnitudes of
REWARD trials, 3 for the different magnitudes of LOSS trials and 1
for NEUTRAL trials) and the feedback phase (3 regressors for hits
and 3 regressors for misses during REWARD, LOSS, and NEUTRAL
trials). In addition, 12 nuisance motion regressors were included in
the model (6 motion parameters and their derivatives). Error tri-
als were modeled separately for each trial-type to eliminate error
variance (Mayer et al., 2012). Percent signal change for correct tri-
als (“HITS”) was calculated by dividing the beta coefﬁcients for each
condition by the average model intercept (ˇ0) and used in all sec-
ond level analyses. Prior to selection of subjects to include in the
present analyses, adolescents who  demonstrated excessive motion
during the scan were removed from the larger pool of subjects.
Average translational and rotational motion and mean FD were cal-
culated, and individuals were considered outliers and removed if
they were more than two standard deviations above the group aver-
age on any motion parameter. No signiﬁcant differences in motion
were observed between the six groups included in the present
analyses.
To validate that the task was  functioning as expected in this
group of adolescents, we examined main effects of the task by
conducting 1-sample t-tests across the entire sample (n = 132) for
REWARD and LOSS trials across the whole brain. To measure the
effect of the task independent of level of incentive magnitude, we
collapsed across all 3 levels of REWARD and across all 3 levels of
LOSS to form two  contrasts of interest: REWARDCombined-NEUTRAL
and LOSSCombined-NEUTRAL. All voxel-wise whole brain results
were corrected for false positives at p < .05 based on 10,000 Monte-
Carlo simulations implemented in AFNI (statistical threshold of
p < .005 in conjunction with a minimum cluster size = 2432 L).
Next, to focus speciﬁcally on the brain areas most directly
related to our hypotheses, we tested two regions of interest
(ROIs)—the right NAcc and left NAcc. These ROIs were chosen
based on previous research on the role of these regions in reward
response and substance use (e.g., Bjork et al., 2008; Yau et al.,
2012; Weiland et al., 2013). Bilateral NAcc masks were created
using 5 mm diameter spheres centered at the following Talairach
coordinates: left NAcc (−10, 12, −3) and right NAcc (8, 12, −2).
The left and right NAcc were examined separately because the left
and right hemispheres have demonstrated differential patterns of
activation during the MID  task (e.g., Knutson et al., 2001a; Balodis
et al., 2012). In line with our focus on incentive processing, effect
sizes were extracted for left and right NAcc during the anticipatory
period of each trial. Anticipatory activation during the NEUTRAL
trials was  subtracted from activation during anticipation across all
3 levels of REWARD ($.20, $1.00 $5.00) and LOSS ($.20, $1.00 $5.00)
separately, as well as collapsed across all three levels of reward
and loss, to create 8 contrasts of interest (REWARD$5-NEUTRAL,
REWARD$1-NEUTRAL, REWARD$.20-NEUTRAL, REWARDCombined-
NEUTRAL, LOSS$5-NEUTRAL, LOSS$1-NEUTRAL, and LOSS$.20-
NEUTRAL, LOSSCombined-NEUTRAL) for both right and left NAcc.
1 Cognitive Neuroscience 16 (2015) 5–15
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Fig. 2. Task main effects across entire sample (N = 132). (A) Whole brain activation
during the REWARD > NEUTRAL anticipation contrast. (B) Whole brain activation
during the LOSS > NEUTRAL anticipation contrast. Statistical maps thresholded at0 H.C. Karoly et al. / Developmental 
To examine group differences in left and right NAcc activa-
ion during anticipation of REWARD and LOSS, we  conducted
 series of one-way analyses of variance (ANOVA) tests using
PSS (Version 21), with group as the independent variable
IV), and incentive condition (collapsed across all three incen-
ive levels) as the dependent variable (DV). Thus, a total of
our ANOVA tests were performed, examining group differences
n left NAcc REWARDCombined-NEUTRAL, left NAcc LOSSCombined-
EUTRAL, right NAcc REWARDCombined-NEUTRAL and right NAcc
OSSCombined-NEUTRAL. Signiﬁcant group differences in the left
nd right NAcc for the REWARD trials were followed up by pair-
ise comparisons in SPSS, comparing the six groups separately
or each of the eight contrasts of interest (i.e., Left REWARD$5-
EUTRAL, Left REWARD$1-NEUTRAL, Left REWARD$.20-NEUTRAL,
eft REWARDCombined-NETURAL, Right REWARD$5-NEUTRAL, Right
EWARD$1-NEUTRAL, Right REWARD$.20-NEUTRAL and Right
EWARDCombined-NEUTRAL). As we did not have sufﬁcient evidence
o support directional a priori hypotheses between all groups, we
id not apply corrections for multiple testing to the results of these
-tests, given that the goal of exploratory formative research is to
educe type II error (Jaeger and Halliday, 1998).
. Results
.1. MID  behavioral performance
Across the six groups, participants averaged 67% HITS for all
EWARD trials (median reaction time = 195 ms), as well as 67% hits
n the loss trials (median reaction time = 199 ms). These results are
onsistent with the performance algorithm built into the task. We
lso conducted six 1-way ANOVAs with group as the IV and task
erformance (accuracy for REWARD, LOSS, and NEUTRAL trials and
edian reaction time for REWARD, LOSS, and NEUTRAL trials) as
he DVs. No signiﬁcant group differences emerged in reaction time
or REWARD, LOSS, or NEUTRAL trials, or on percentage of hits for
EWARD, LOSS, or NEUTRAL trials.
.2. Task validation: main effects of anticipation of reward and
oss
As expected, 1-sample t-tests across the entire sample (N = 132)
emonstrated that REWARD relative to NEUTRAL trials activated a
arge network that included the bilateral caudate, thalamus, cingu-
ate, and left insula (see Supplementary Table 1 for local extrema
f activation). In addition, the LOSS relative to NEUTRAL contrast
howed activation in a large network that included the bilateral
nsula, caudate, thalamus, and anterior cingulate (see Supplemen-
ary Table 2 for local extrema of activation). This is consistent with
ask effects observed in prior adolescent and adult MID  studies (e.g.,
nutson et al., 2001a; Bjork et al., 2004, 2010). Brain areas showing
igniﬁcant activation during the REWARDCombined-NEUTRAL con-
rast are in Fig. 2a, and activation for the LOSSCombined-NEUTRAL
ontrast is shown in Fig. 2b.
.3. Group differences in REWARD and LOSS responding
Results of ANOVAs for NAcc activation demonstrated a
igniﬁcant effect of group on left NAcc activation for the
EWARDCombined-NEUTRAL contrast, F = (5, 126) = 2.722, p = .023,
nd on right NAcc activation for the REWARDCombined-NEUTRAL
ontrast, F = (5, 126) = 3.985, p = .002. No signiﬁcant main effects
f group were observed for right or left NAcc activation for
OSSCombined-NEUTRAL contrasts.p  < .005. The color bar indicates t range. Left (L) and right (R) hemispheres are marked
in  the bottom of the ﬁgure.
3.3.1. Cannabis group differences
Pairwise comparisons using t-tests revealed no signiﬁcant group
differences in left or right NAcc activation between the cannabis
group and any of the other groups.
3.3.2. Tobacco group differences
We observed signiﬁcant NAcc activation differences for
the tobacco-only group compared to both polysubstance
groups, the control group and the alcohol-only group dur-
ing REWARD trials. Speciﬁcally, the tobacco-only group had
lower left NAcc activation compared to the control group
during REWARD$.20-NEUTRAL (t(70) = 2.421, p = .018) and
REWARDCombined-NEUTRAL trials (t(70) = 2.026, p = .047). We
found a similar pattern in the right NAcc, whereby the tobacco-
only group showed less activation than the control group across
all three levels of reward (REWARD -NEUTRAL, t(70) = 2.412,$.20
p = .018; REWARD$1-NEUTRAL, t(70) = 2.734, p = .008; REWARD$5-
NEUTRAL, t(70) = 2.539, p = .013) and collapsed across reward
levels, REWARDCombined-NEUTRAL, t(56.236) = 3.258, p = .002.
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Fig. 3. Group differences in mean percent signal change in left and right NAcc for anticipation of Reward relative to Neutral trials. (A) Left NAcc activation for
REWARD > NEUTRAL contrasts at each level of Reward. (B) Right NAcc activation for REWARD > NEUTRAL contrasts at each level of Reward. Note that y-axis range −.4
to  1 in (A) and y-axis range −.2 to 1 in (B). Purple bars indicate signiﬁcant differences in REWARDCombined-NEUTRAL trials. Blue, red and green asterisks indicate signiﬁcant
differences at each individual level of reward (speciﬁc group differences at each level of reward described in text). Effect sizes were extracted from masks of the NAcc using
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The tobacco-only group also demonstrated less activation
n the left NAcc compared to the cannabis + tobacco group
or low and high rewards (REWARD$.20-NEUTRAL, t(49) = 2.799,
 = .007; REWARD$5-NEUTRAL, t(49) = 2.659, p = .011) and collapsed
cross reward levels (REWARDCombined-NEUTRAL, t(49) = 2.843,
 = .006). The same pattern was observed for the right NAcc
REWARD$.20-NEUTRAL, t(49) = 2.063, p = .044; REWARD$5-
EUTRAL, t(49) = 2.513, p = .015; REWARDCombined-NEUTRAL,
(49) = 2.540, p = .014).In addition, the tobacco-only group demonstrated
ess activation in the left NAcc compared to the
annabis + tobacco + alcohol group across all 3 levels of
eward (REWARD$.20-NEUTRAL, t(49) = 2.780, p = .008; standard error, *p < .05, **p < .01. Can = Cannabis, Tob = Tobacco, Alc = Alcohol. (For
 web  version of the article.)
REWARD$1-NEUTRAL, t(49) = 2.189, p = .033; REWARD$5-
NEUTRAL, t(49) = 2.254, p = .029) and collapsed across reward
levels (REWARDCombined-NEUTRAL, t(49) = 2.905, p = .005).
The same pattern of results also emerged in the right NAcc
(REWARD$.20-NEUTRAL, t(49) = 2.964, p = .005; REWARD$1-
NEUTRAL, t(49) = 3.279, p = .002; REWARD$5-NEUTRAL,
t(49) = 2.821, p = .007; REWARDCombined-NEUTRAL, t(49) = 3.480,
p = .001).
Finally, the tobacco-only group showed decreased activation
compared to the alcohol-only group for the highest reward con-
dition for both the left NAcc (REWARD$5-NEUTRAL, t(44) = 2.373,
p = .022) and the right NAcc (REWARD$5-NEUTRAL, t(44) = 2.546,
p = .014).
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.3.3. Polysubstance group differences
No pairwise differences in NAcc activation emerged between
ither of the two polysubstance groups (cannabis + tobacco;
annabis + tobacco + alcohol), or between either polysubstance
roup and the control group on any of the REWARD-NEUTRAL
ontrasts. Left and right NAcc activation for REWARD-NEUTRAL
ontrasts across all six groups are shown in Fig. 3.
. Discussion
This study took a ﬁrst step at evaluating the comparative neural
esponses during incentive anticipation among adolescents across
he three most prevalent substances of abuse (alcohol, tobacco,
nd cannabis). We  focused on the NAcc, an area within the VS
hat has been strongly implicated in reward processing in both
he developmental and addiction literatures (e.g., Knutson et al.,
001a; Ernst et al., 2005; Heitzeg et al., 2014). In this prelimi-
ary examination, we observed whole brain effects supporting the
alidity of the MID  task among 14–18 year olds. Our ROI analysis
ndicated signiﬁcant differences in NAcc activation during reward
nticipation by substance use group, with a unique response pat-
ern emerging among the tobacco-only group. Of note, we observed
early identical patterns of reward responding in the left and
ight NAcc, which strengthens our conﬁdence in these results.
e hypothesized decreased reward responding for youth in the
obacco-only group compared to the alcohol-only, cannabis-only,
annabis + tobacco and control groups (Nestor et al., 2010; Peters
t al., 2011). Given the lack of published research on polysubstance
sers of alcohol, tobacco and cannabis, we did not have clear direc-
ional hypotheses about this group, and thus treated this portion of
he analysis as exploratory.
Contrary to our a priori hypotheses, no differences emerged
etween the tobacco-only and cannabis-only groups. However, as
redicted, we observed differences in reward responding in bilat-
ral NAcc in the tobacco-only group compared to the non-using
ontrol group. Speciﬁcally, we found decreased activation in the
obacco-only compared to the control group, which is consistent
ith previous ﬁndings suggesting that tobacco is associated with
lunted responses to non-substance-based rewards (such as ﬁnan-
ial incentives) in the VS (e.g., Peters et al., 2011; Rose et al., 2013;
ilson et al., 2014). We  also observed greater responses in the
lcohol-only compared to the tobacco-only group for the high-
st level of reward, which is consistent with some prior research
howing increased reward responding in adolescent drinkers (e.g.,
eitzeg et al., 2014).
Given parallels with the animal literature in this area, it is pos-
ible that acute withdrawal from nicotine may  explain the reduced
triatal activation by reward cues observed among adolescent
mokers in this study (Epping-Jordan et al., 1998). Using animal
odels, nicotine withdrawal has been linked to reduced dopamine
elease in the NAcc (Hildebrand et al., 1998), blunting both tonic and
hasic dopaminergic activity in the striatum (Zhang et al., 2012).
vidence suggests that upregulated dopamine transporter activ-
ty contributes to the decrease in extracellular striatal dopamine
bserved during early nicotine withdrawal (Hadjiconstantinou
t al., 2011). As subjects in this study were required to abstain from
moking cigarettes for 3 hours before the scanning session, it is pos-
ible that the experience of acute nicotine withdrawal may  have
nﬂuenced NAcc activation during the scan. Future studies may  con-
equently consider measuring withdrawal symptoms before the
ID  task.
Note that the tobacco-only group also showed decreased
eward responding compared to the polysubstance groups
cannabis + tobacco; cannabis + tobacco + alcohol), who  may  have
lso been experiencing nicotine withdrawal. Importantly, thistive Neuroscience 16 (2015) 5–15
ﬁnding was expected based on prior work demonstrating that
tobacco + cannabis users have greater striatal reward responses
than tobacco-only users (van Hell et al., 2010; Nestor et al., 2010).
Yet, comparison with existing studies, including the Nestor study
(Nestor et al., 2010), should be done with caution, as subjects in
the present study reported heavier smoking; thus, the case could
be made that this set of adolescents might have a greater propen-
sity to experience acute nicotine withdrawal. Notably, our results
cannot be attributed to greater tobacco use in the tobacco-only
versus polysubstance groups, as the design of the study purpose-
fully ensured that all three groups were matched for equal levels of
tobacco use. Additionally, as we found no evidence of differences
in impulsivity across our groups, it is unlikely that our activation
ﬁndings may  have been driven by personality traits associated with
increased reward responsiveness.
Instead, we  cautiously speculate that our results may  be
attributable to the fact that the impact of tobacco alone on ado-
lescent neural responses may  differ from the impact of tobacco
in combination with other substances. In line with prior work in
this area, the use of multiple substances in synergy may  exert a
neuroprotective effect (Jacobus et al., 2009), potentially due to the
opposing or interactive nature of other substances (i.e., cannabis),
when used in tandem with alcohol and/or tobacco (Nestor et al.,
2010; Bachtell and Ryabinin, 2001; Penetar et al., 2005). Extend-
ing the conclusions of Jacobus and colleagues (Jacobus et al., 2009)
that cannabis may  protect against alcohol-related neural dam-
age, we  suggest that our results may  be due to the inﬂuence
of cannabis upon what would otherwise be deleterious neu-
ral alterations associated with tobacco use in our polysubstance
groups.
Alternatively, our pattern of ﬁndings may  suggest that
adolescent tobacco-only users represent a behaviorally or neu-
rocognitively unique group in terms of reward processing. Indeed,
it is possible that given greater restrictions on both tobacco use and
tobacco advertising in recent years, regular tobacco-only use (i.e.,
daily smoking) is less prevalent for adolescents than in decades
past (Wakeﬁeld et al., 2008). Moreover, without implying causa-
tion, tobacco use has also been associated with higher levels of
psychopathology (Talati et al., 2013). Given that numerous psy-
chiatric disorders emerge during adolescence (Paus et al., 2008),
one could argue that the tobacco-only group may  comprise a
subset of youth who might be transitioning into psychiatric ill-
ness or symptoms (potentially including addiction), and for whom
the unique pattern of neural activation during the MID  task may
be a biomarker (e.g., Whelan et al., 2014; Pizzagalli et al., 2009;
Guyer et al., 2012). However, the absence of diagnostic data
on this sample precludes deﬁnitive conclusions on this possibil-
ity. Rather, this is a crucial direction for further work in this
area.
It is also unclear whether decreased reward responding among
tobacco users develops over time as a result of tobacco exposure or
represents a neurobiological vulnerability factor for initiating and
sustaining smoking (Dagher et al., 2001). Because the participants
in this sample are adolescents, and thus relatively new smokers,
these results are consistent with the idea that lower reward sensi-
tivity (at least among youth who only use tobacco) may  represent
a risk factor, at the very least, for initiation and maintenance of
regular smoking.
Regarding the potential impact of personality factors on reward
responding during the MID, we did not observe differences in
impulsivity across any of the groups. One interpretation of this ﬁnd-
ing may  be that as a group, high-risk adolescents such as those
included herein, demonstrate high levels of impulsivity (White
et al., 1994) and substance use (Chassin, 2008), so differences in
impulsivity are not apparent across substance use groups due to
ceiling effects. Here, all adolescents within each group scored high
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n impulsivity, suggesting that impulsivity may  not be the temper-
mental feature that differentiates reward processing by substance
ubgroup for this population.
Among polysubstance users, incentive-elicited NAcc responses
n the cannabis + tobacco and cannabis + tobacco + alcohol groups
howed a stronger parallel to non-substance-using youth than to
ingle-substance users (namely those who only use tobacco). These
ata are in line with prior studies showing that brain structure
mong youth who exhibited recent binge drinking and cannabis use
ere more in line with non-using youth, as compared to alcohol-
nly users (Jacobus et al., 2009). Although that was  not the precise
attern observed here, one interpretation of our ﬁndings is that
xperimentation with multiple substances might be more develop-
entally typical. Consequently, it may  be the case that youth who
ove toward selecting only one substance, which may  be more
nusual in this age group, may  use for reasons of pre-existing neu-
al risk (e.g., family history; genetic risk factors) rather than due to
he social reasons that support or drive more normative adolescent
xplorations of substance use in this age range. In the present study,
e did not explore any potential underlying vulnerability factors
e.g., family history, genetic risk), however, this is an important next
tep needed to address causation in future studies.
Finally, we expected that the cannabis-only group would show
ncreased reward responding in the NAcc compared to the tobacco-
nly and control groups. However, no differences emerged between
he cannabis-only group and any of the other groups. Importantly,
annabis use is becoming increasingly normative in adolescent
opulations, particularly among socioeconomically disadvantaged
outh like the high-risk youth in this sample (Redonnet et al., 2012).
hus, examining the relationship between cannabis use and devel-
ping brain structure and function is especially timely. This is an
rea of great current debate (e.g., Batalla et al., 2013; Vaidya et al.,
012; Weiland et al., 2015; Filbey et al., 2014; Gilman et al., 2014),
nd it is not clear whether and/or to what extent cannabis use is
ssociated with MID  response in adolescents.
.1. Limitations and future directions
A notable strength of the present study is the matched-group
esign, which allowed us to observe brain activation differences
hat are not simply due to differences in the degree of use of the
ame substance between relevant user groups. However, although
his study suggests that tobacco-only users may  possess behav-
oral and neurobiological characteristics that differentiate them
rom their single-substance (i.e., alcohol-only) and polysubstance
sing peers, there are a number of factors that limit the inter-
retation of our results. Given the relatively small sample sizes
nd the cross-sectional nature of this study, these results do not
rovide evidence suggesting that particular patterns of incentive-
licited responses in the NAcc lead to substance use in adolescence,
r that adolescent substance use causes abnormalities in neural
eward processes. Larger longitudinal studies among adolescents
re needed to explicate the temporal nature of the relationship
etween striatal reward responding and alcohol, cannabis, tobacco
nd the various combinations thereof. For example, recent cross-
nstitutes initiatives within the National Institutes of Health will
elp determine whether adolescents who use a single substance
e.g., the tobacco-only users in the present study) are likely to
emain users of only this substance or to transition to using
ultiple substances over time. Relatedly, this type of cross-site
ongitudinal study will help elucidate the relationship between
merging psychiatric illness and substance use trajectories during
dolescence.
This sample was comprised of high-risk youth involved in
lternatives to justice programming; future work would beneﬁt
rom replication with community-based youth. Relatedly, to be asive Neuroscience 16 (2015) 5–15 13
inclusive as possible within the parent study, and to yield results
with the maximum potential for generalizability, we did not collect
data on psychiatric comorbidity. Although we excluded individuals
taking antipsychotic or anticonvulsant medications, it is possible
that some subjects included in the present analyses would have
endorsed symptoms of psychiatric disorders. Because psychiatric
illness is often associated with substance use (Kandel et al., 1997)
and also appears to be related to neural reward responding dur-
ing the MID  (e.g., Pizzagalli et al., 2009; Guyer et al., 2012), future
studies should control for psychiatric disorders. In addition, we
did not collect detailed histories regarding lifetime substance use
and dependence. Future research should include measures of life-
time substance use (including tobacco), as this could provide useful
information for interpreting differences in brain activation across
substance use groups.
A minor limitation is the task design; a different version of the
MID might yield a slightly different pattern of results. Further, a dif-
ferent analytical approach that might help disentangle the effects
observed here would be to examine the BOLD response based on
a continuous measure of substance use. However, in our effort to
maintain group comparisons to differentiate between single versus
poly-substance users, we  opted to instead match level of use across
relevant groups. Important next steps could involve comparing
MID  response to a continuous measure of quantity of substances
ingested during the past month or examining incentive processing
across adolescents reporting varying degrees of substance depend-
ence. Relatedly, the nature of our analytical questions necessitated
conducting a series of independent voxel-wise t-tests, and due to
our uneven group sizes, using an alternative statistical approached
such as a Tukey’s test would not be ideal (Smith, 1971). Thus,
our results may  have been inﬂuenced by the particular statistical
approach we  selected. In addition, we  did not observe any gender
effects in the present investigation. This may  be a consequence of
our matched samples, and we  encourage future evaluations of gen-
der effects. Finally, it is important to note that although youth in
the present study were not intoxicated at the time of the scan, we
would expect state vs. trait differences in MID  responding (Rose
et al., 2013). Thus, future studies examining differences in MID
responses during active intoxication across various substances may
provide useful information.
The results from this investigation support the notion that
individual propensity to use single or multiple substances during
adolescence may be associated with underlying differences in neu-
ral incentive processing, and these differences are likely to interact
with substance exposure to inﬂuence the trajectory of substance
use across the stages of development.
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